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Background: The ever increasing number of antibiotic resistant bacteria has
fuelled interest in the development of new antibiotics and other antibacterial
agents. The major structural element of the bacterial cell wall is the
heteropolymer peptidoglycan and the enzymes of peptidoglycan biosynthesis are
potential targets for antibacterial agents. One such enzyme is UDP-N-
acetylglucosamine enolpyruvyltransferase (EPT) which catalyzes the first
committed step in peptidoglycan biosynthesis: the transfer of the enolpyruvyl
moiety of phosphoenolpyruvate (PEP) to the 3-hydroxyl of UDP-N-
acetylglucosamine (UDPGlcNAc). EPT is of potential pharmaceutical interest
because it is inhibited by the broad spectrum antibiotic fosfomycin.
Results: The crystal structure of substrate-free EPT has been determined at
2.0 Å resolution. The structure reveals a two-domain protein with an unusual fold
(inside out a/b barrel) which is built up from the sixfold repetition of one folding
unit. The only repetitive element in the amino acid sequence is a short motif,
Leu-X3-Gly(Ala), which is responsible for the formation of hydrogen-bond
interactions between the folding units. An enzyme which catalyzes a similar
reaction to EPT, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), has a
very similar structure despite an amino acid sequence identity of only 25 %. To
date, only these two enzymes appear to display this characteristic fold.
Conclusions: The present structure reflects the open conformation of the
enzyme which is probably stabilized through two residues, a lysine and an
arginine, located in the cleft between the domains. Binding of the negatively
charged UDPGlcNAc to these residues could neutralize the repulsive force
between the two domains, thereby allowing the movement of a catalytically active
cysteine residue towards the cleft.
Introduction
In recent years much attention has been focused on
enzymes that are involved in the biosynthesis of the bacte-
rial cell wall [1]. The major structural element of the cell
wall is the heteropolymer peptidoglycan. This macromole-
cule consists of alternating molecules of N-acetylglu-
cosamine and N-acetylmuramic acid, cross-linked by
peptide chains which are attached to the lactate group of
the muramic acid residues. The initial step in peptidogly-
can biosynthesis is the enolpyruvyl transfer from phos-
phoenolpyruvate (PEP) to the 3-hydroxyl group of
UDP-N-acetylglucosamine (UDPGlcNAc), catalyzed by
UDP-N-acetylglucosamine enolpyruvyltransferase (EPT;
EC 2.5.1.7). The product of this reaction is the 3-enolpyru-
vyl ether of enolpyruvyl-UDPGlcNAc (EP-UDPGlcNAc).
The formation of the muramyl sugar is completed by the
reduction of this product to the 3-lactyl ether UDP-
MurNAc, catalyzed by the flavoenzyme MurB. The free
lactyl carboxyl group of UDP-MurNAc serves as the site of
attachment for the peptide portion of the cell wall.
Historically, the pathway of peptidoglycan biosynthesis has
been an important target for antibacterial agents [1]. The
most widely used antibiotics are the b-lactams (e.g. peni-
cillin) which inactivate the transpeptidases responsible for
the cross-linking of individual polymers in the periplasmic
space. EPT is of potential pharmaceutical interest because
it is inhibited by the naturally occurring antibiotic fos-
fomycin ([1R,2S]-1,2-epoxypropyl phosphonic acid) [2].
For instance, fosfomycin trometamol salt is an orally
administered antibiotic used in single-dose therapy of
uncomplicated urinary tract infections [3]. Recently, the
mechanism of action of fosfomycin on EPT has been re-
evaluated using the large quantities of homogeneous
enzyme available from the overexpression of Enterobacter
cloacae EPT [4] and Escherichia coli EPT [5]. Both studies
demonstrated that fosfomycin inactivates the enzyme by
covalent modification of a cysteine residue (Cys115).
The increasing number of antibiotic resistant bacteria is a
common clinical problem. This phenomenon has led to a
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search for new strategies for the better understanding of the
molecular basis of antibacterial agents. The elucidation of
the three-dimensional structures of enzymes involved in
crucial biochemical pathways unique to bacteria can be con-
sidered as an indispensable step towards the design of new
antibiotics. For example, the structure of MurB has recently
been determined in both its substrate-bound [6] and sub-
strate-free [7] forms.
In most PEP-dependent enzymatic reactions PEP serves as
a phosphoryl transfer agent. The reaction catalyzed by
EPT is mechanistically unusual as it involves the attack at
the electrophilic C2 position of PEP leading to the cleavage
of the C–O bond [8]. The only other enzyme known in
nature to catalyze the transfer of the intact enolpyruvyl
moiety of PEP to a substrate is 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS; EC 2.5.1.19). EPSPS cat-
alyzes the sixth step in the biosynthetic pathway of
aromatic amino acids (the shikimate pathway) in bacteria,
plants and fungi. EPSPS has been extensively studied as it
is the target of glyphosate, the active ingredient of the
broad-spectrum herbicide Roundup® [9]. Even though
EPT and EPSPS share similarities in their amino acid
sequences (25% identity and 47% similarity; [10]), their
reaction mechanisms appear to be substantially different.
For EPT, a covalent intermediate has been identified, in
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Figure 1
The two-domain structure of EPT. (a) Stereo
view of the Ca trace with every tenth residue
marked and every twentieth residue labeled.
(b) Stereo view of a ribbon plot of EPT. The
individual folding units are displayed in red (Ia
and IIa), green (Ib and IIb) and blue (Ic and
IIc); this color-coding is used throughout the
paper. An orthogonal coordinate system is
chosen in such a manner that its origin is the
center of mass (COM) of the molecule; the
z axis pointing towards the top of domain II,
and the y axis pointing away from the hinge.
Throughout the text, the top and bottom
domains are designated domains II and I,
respectively. (The figure was drawn using
MOLSCRIPT [35].)
which PEP is attached to the enzyme as the O-phospho-
thioketal of pyruvate through Cys115 [4,5]. In contrast, the
EPSPS reaction proceeds through a tightly, but non-cova-
lently bound tetrahedral intermediate [11,12]. Recent
studies of the Escherichia coli EPT have provided evidence
that the reaction pathway of EPT may involve the forma-
tion of both a covalently bound intermediate as well as a
non-covalently bound tetrahedral intermediate [13].
Remarkably, EPSPS is not inactivated by fosfomycin, and
conversely glyphosate does not inhibit EPT [14]. The
crystal structure of substrate-free EPSPS has been deter-
mined at 3Å resolution [15]. It is a two-domain structure
with a unique fold that appears to be formed by a sixfold
replication of one protein folding unit.
We report here the crystal structure of EPT in the absence
of substrates and inhibitor at 2Å resolution. The structure
is very similar to that reported for EPSPS. However, the
high resolution data for the EPT structure allow a much
more accurate refinement of the atomic parameters and
therefore contribute to a better understanding of structural
and catalytic homologies between these two unique
enzymes. In addition, we present the consequence of a
repetitive motif found in the primary structure and suggest
an important role of two residues with respect to catalysis.
Results and discussion
EPT was crystallized as previously described [16]. The
electron-density map, based on the multiple isomorphous
replacement with anomalous scattering (MIRAS) tech-
nique, was of excellent quality and allowed the complete
polypeptide to be traced. Except for the last two C-terminal
residues, a few side chains at the surface of the molecule,
and a loop region around Cys115, there is continuous, well
defined electron density for the entire polypeptide chain.
Details of the structure determination and refinement are
reported in the Materials and methods section.
Protein architecture
EPT consists of two globular domains (I and II) which are
connected by a double-stranded hinge (Fig. 1). Each
domain is roughly spherical with a radius of about 20Å and
consists of six helices and three four-stranded b sheets.
33% of the residues are located in a helices and 26% in
b sheets. The N and C termini are located in domain I and
build-up the antiparallel strands of one b sheet. Domain I
consists mainly of the C- terminal portion of the sequence
(residues 232–419 and 1–17) whereas domain II is com-
posed mainly of the N- terminal portion (residues 22–227).
The domains are linked by two strands each of four amino
acids in length (residues 18–21 and 228–231).
The most striking feature of the EPT structure is the
sixfold repetition of one folding unit or subdomain (com-
prising b1, a1, b2, a2, b3 and b4). As shown in Figure 2,
each of the folding units contains a four-stranded b sheet
with both parallel (b1 and b2) and antiparallel (b3 and
b4) strands, and two parallel helices (a1 and a2). Three
of these folding units (Ic, IIa and IIc) are formed from
contiguous segments of the amino acid sequence. In con-
trast, each of the other three units (Ia, Ib and IIb) contain
one b strand which is not adjacent in the primary struc-
ture; these b strands are formed by residues 3–8 
(b4 of Ia = antiparallel), 13–17 (b1 of Ib = parallel) and
224–227 (b1 of IIb = parallel). Thereby five out of six
antiparallel b strands are joined by hairpin loops. With
the exception of folding unit IIa, where both antiparallel
strands are connected by a five-residue loop (residues
207–211), the connection between the corresponding
strands, in units IIc (140–141), Ic (349–350), Ib (276–278)
and IIb (67–69), are two- and three-residue hairpin loops,
respectively.
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Figure 2
Topology sketch of EPT. The figure displays the sixfold repetition of one
folding unit which consists of the elements b1, a1, b2, a2, b3 and b4. The
folding units are designated Ia–Ic and IIa–IIc according to their location in
the respective domains. The twisted loops in units Ia, Ib and IIc represent
single-turn helices. The beginning and end of the secondary structure
elements are labeled with the positions of the respective amino acids.
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As shown in Figure 3, the a1 helices of the six folding
units as well as the a2 helices of units IIa and IIb contain
three to four turns, whereas the a2 helices of subdomains
Ia, Ib, Ic and IIc are of the two-turn type. In addition to
the a1 and a2 helices, there exist three single-turn helices.
Two single-turn helices connect b2 with a2 (unit Ia,
residues 393–396; and unit Ib, residues 256–258), and one
connects b1 with a1 of unit IIc (residues 84–87).
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Figure 3
Ribbon plots of the folding units of EPT as
aligned through the a1 helix of unit Ia, using
the program LSQMAN [36]. The occurrence of
a repetitive amino acid sequence, LX3G(A), is
shown; the sequence is part of a loop
connecting the a2 helix with the b3 strand.
The color scheme is the same as in Figure 1.
(The figure was drawn with MOLSCRIPT [35].)
The cores of both domains consist of the three a1 helices
which are surrounded by the three a2 helices, with solvent-
accessible faces, and the three four-stranded b sheets
(Fig. 4). One therefore might characterize the overall fold
as an inside out a/b barrel.
The center of mass (COM) of EPT resides in the cleft
between domain I and domain II. In an orthogonal coordi-
nate system, with the COM as the origin (Fig. 1), the z axis
can be considered as an approximate threefold symmetry
axis relating the folding units within each domain. This
becomes evident from the view through the domains in the
direction of the hinge (Fig. 4). Additionally, the y axis
relates the two domains by an approximate dyad (Fig. 1).
The repetitive motif Leu-X3-Gly(Ala)
Although the folding units are remarkably similar in sec-
ondary structure elements and fold, the only repetitive
element in the amino acid sequence is a short motif
Leu-X3-Gly(Ala) (LX3G(A)), which is part of a loop con-
necting the a2 helix with the b3 strand (Fig. 3). This
motif, first recognized by Marquardt et al. [17], is now
shown to be responsible for the attachment of the folding
units to each other (Fig. 4). As displayed in Table 1, the
carbonyl oxygen of every fourth residue of the motif is
involved in establishing a hydrogen bond to a backbone
amide of the adjacent folding unit. The side chain of the
conserved leucine residue always points towards the inte-
rior. This motif forms a hydrophobic pocket together with
the a1 helix of the same folding unit, and the a1 helix of
the adjacent unit (Fig. 4). Thereby, three hydrophobic
pockets are formed per domain.
Apparently, the units of domain II are linked through
backbone hydrogen bonds only, whereas in domain I there
are additional hydrogen bonds: between the ε-amino
groups of two lysine residues (Lys405 and Lys265) and the
carbonyl oxygens of two threonine residues (Thr17 and
Thr293); and between the carboxyl oxygen of Glu337 and
the backbone amide of Met366 (Fig. 5). The two lysines
and the glutamic acid residue are in position n–1, where n
is the conserved leucine. The superposition of all LX3G(A)
regions reveals the almost identical architecture of this
motif throughout the structure with root mean square
(rms) distances between 0.14 Å and 0.26Å.
The hinge region
The two strands connecting both domains display excel-
lent electron density suggesting a high degree of rigidity.
Both strands are connected to each other by two backbone
hydrogen bonds. The residues involved in hydrogen
bonding are Asp231-NH and Ser19-CO (distance=2.9Å),
and Leu229-CO and Ala21-NH (distance=2.9Å). One
additional connection between the two domains is a salt
bridge located in close proximity to the cross-over strands;
the bridge is formed by the carboxyl oxygen of Glu190 (in
domain II) and the guanidinium group of Arg232 (in
domain I).
Several tightly bound water molecules are observable in
this region and probably serve as stabilizers. Both strands
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Figure 4
Ribbon plots of the two domains of EPT, as aligned through the a1 helix
of folding unit Ib using the program LSQMAN [36]. The orientation is
chosen to show the view through the cores of both domains in the
direction of the hinge region; from the top (–z direction, domain II) and
bottom (+z direction, domain I) of the molecule, respectively. The
LX3G(A)-dependent main-chain and side-chain atoms responsible for the
formation of hydrogen bonds connecting the folding units to each other,
are shown in ball-and-stick representation. The color scheme is the same
as in Figure 1. (The figure was drawn using MOLSCRIPT [35].)
have an equal length with distances between the Ca atoms
of residues 18 to 21 and 228 to 231 of 9 Å.
Organization of the asymmetric unit
The crystals of EPT were grown in the presence of cyclo-
hexylammonium ions, as described previously [16]. In the
absence of this agent, only needles not useful for crystal-
lographic analysis are formed. The asymmetric unit con-
sists of two monomers, A and B. The interpretation of the
electron-density map revealed that EPT dimerizes due to
the interaction between Trp279 of both monomers, with
two cyclohexylammonium ions creating a hydrophobic
environment through the cyclohexyl moiety. The dis-
tance between the two indole moieties is 7.8 Å. The
cyclohexyl moieties are located approximately midway
between the two tryptophans. The transformation of
monomer A to monomer B is given by a Eulerian rotation
around the Crowther angles a = 178.2°, b = –64.6°, g = 1.0°
and a translation of x = 10.4 Å, y = –43.9 Å and z = 8.0 Å,
referring to the coordinate system in Figure 1.
The PEP/fosfomycin-binding site
As mentioned above, Cys115 is involved in binding of PEP
and the inhibitor fosfomycin. This active cysteine residue
is located in a highly flexible loop comprising 12 amino
acids (residues 111–122) connecting b2 with a2 of subdo-
main IIc (Fig. 3). Although the electron density is not well
defined in this region it is obvious that Cys115 is highly
solvent accessible. This large loop is mounted through two
proline residues (Pro112 and Pro121) suggesting a rope
held by two anchors. Within a sphere of 9Å around Cys115
there are no side chains apart from those building up the
loop. The closest neighbours are Glu140 (distance≈10Å)
and Arg91 (distance≈13Å). As the present structure
reflects the enzyme in the absence of substrate or inhibitor,
it is reasonable to assume that the flexible loop undergoes
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Figure 5
A stereo drawing of the region around the
LX3G(A) motif of folding unit Ia. The hydrogen-
bond interactions between unit Ia (Leu409
and Lys405) and unit Ib (Gln13 and Thr17)
are shown. The conserved residues of the
LX3G(A) motif are labeled Leu, Gly, and Ala,
respectively; non-conserved residues are
labeled with X’s. Nitrogen atoms are depicted
in blue, oxygen atoms in red. (The figure was
produced with O [26].)
Table 1
The LX3G(A)-directed hydrogen bonds between the folding units.
Main chain–main chain interaction Distance (Å)*
Monomer A Monomer B
Ia–Ib LRAL409 GA [C = O—HN] Q13 3.1 2.7
Ic–Ia LIRM341 GA [C = O—HN] S361 2.5 3.0
Ib–Ic LREA269 GA [C = O—HN] K290 2.7 3.1
IIa–IIb LVAL201 GA [C = O—HN] G222 3.2 3.0
IIc–IIa LEKL132 GA [C = O—HN] K152 2.9 2.6
IIb–IIc LTQL60 GT [C = O—HN] N78/N79 2.8/3.0 2.9/3.0
Side chain–main chain interaction
Ia–Ib K405 LRALGA [Nz — O=C] T17 2.7 2.7
Ic–Ia E337 LIRMGA [Oε1 — HN] M366 2.8 3.2
Ic–Ia K265 LREAGA [Nz — O=C] T293 2.9 2.7
*The distances are given for both independently treated monomers, A and B, in the asymmetric unit.
substantial structural changes upon binding of UDPGlc-
NAc and PEP or fosfomycin. The electron density around
the loop region is different for both monomers in the asym-
metric unit, again indicating the high degree of flexibility.
Comparison of the 3D structures of EPT and EPSPS
Like EPT, EPSPS is a two-domain protein in which both
domains are connected by a double-stranded hinge [15].
The structural principle of the folding units is the same for
both enzymes (Figs 2,3). Even the corresponding folding
units containing the b strands formed from discontinuous
segments of both polypeptides (units Ia, Ib, IIb) are iden-
tical to each other. In contrast to EPT, folding unit Ia of
EPSPS is incomplete due to the missing b3 strand built
up by the C terminus.
A precise structural comparison between the two enzymes
is not possible because information concerning the side
chain arrangement in EPSPS is missing. However, as the
overall structure of both enzymes is almost identical it is
reasonable to assume that several conserved residues adopt
similar conformations in EPT and EPSPS.
The sequence alignment (using CLUSTAL W [18]) of 
20 EPSPS and six EPT primary structures, reveals 12
absolutely conserved residues and 17 residues being 
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Figure 6
The aligned amino acid sequences of E. coli EPSPS and E. cloacae
EPT. The amino acid sequences of of 20 EPSPS’s: AROA_BACSU
(Bacillus subtilis); AROA_LACLA (Lactococcus lactis);
AROA_PETHY (Petunia hybrida); ARO1_TOBAC (Nicotiana
tabacum); AROA_LYCES (Lycopersicon esculentum); AROA_ARATH
(Arabidopsis thaliana); AROA_BRANA (Brassica napus);
AROA_SALGL (Salmonella gallinarum); AROA_SALTI (Salmonella
typhi); AROA_SALTY (Salmonella typhimurium); AROA_ECOLI
(E. coli); AROA_KLEPN (Klebsiella pneumoniae); AROA_YEREN
(Yersinia enterocolitica); AROA_HAEIN (Haemophilus influenzae);
AROA_PASMU (Pasteurella multocida); AROA_AERSA (Aeromonas
salmonicida); AROA_BORPE (Bordetella pertusis); AROA_BURPS
(Burkholderia pseudomallai); AROA_STAAU (Staphylococcus
aureus); AROA_MYCTU (Mycobacterium tuberculosis); and six EPT’s
MURA_ECOLI (E. coli); MURA_ENTCL (Enterobacter cloacae);
MURA_HAEIN (Haemophilus influenzae); MURA_ACICA
(Acinetobacter calcoaceticus); MURA_BACSU (Bacillus subtilis);
MURZ_MYCLE (Mycobacterium leprae) (as deposited in the Swiss
Prot database), were aligned using the program CLUSTAL W [18].
Amino acid pairs marked in bold are absolutely conserved in all
EPSPS’s and EPT’s. Underlined amino acids are conserved in more
than 90 % of the respective sequences. The locations of the LX3G(A)
motifs and fosfomycin/PEP-binding site are indicated.
conserved in more than 90% of the sequences (Fig. 6). All
of these conserved residues are well defined in the EPT
structure, with the exception of the region around Cys115.
For example, in EPT the absolutely conserved residues
Lys22 and Asp49 are linked to each other by a salt bridge,
between the respective carboxyl oxygen and ε-amino
group (distance 2.8Å). The absolutely conserved Leu34
forms a hydrophobic pocket together with Leu175, Leu198
and Leu221, thereby connecting folding unit IIa with unit
IIb. Pro300 is responsible for the formation of a cis-peptide
and part of the motif PHP300AFP. This region is located
close to the cross-over strands in the loop connecting b1
with a1 in folding unit Ic (Figs 2,3). Several well defined
water molecules are in close proximity to the cis-peptide.
The density of all residues around this motif is exception-
ally well defined with side chain B factors between 10Å2
and 20Å2; this is indicative of a high degree of rigidity. The
carboxyl oxygen of the conserved residue Asp369 forms a
salt bridge with the guanidinium group of Arg331. Thus,
folding units Ia and Ic are connected to each other: by two
LX3G(A) dependent side chain–main chain hydrogen
bonds; by one main chain–main chain hydrogen bond
(Table 1); and through the salt bridge described above.
The LX3G(A) motif is also found in the EPSPS sequence
with the exception of the third and sixth motif (EPSPS
residues 205–212 and 420–426). A similar role of this motif,
as shown here for the EPT structure, was not described for
the EPSPS structure.
Implications for catalysis
In contrast to the binding site of shikimate-3-phosphate
(S3P) in EPSPS, which is considered to reside in the cleft
between the two domains [19], little is known about 
the residues of EPT involved in UDPGlcNAc binding.
However, the high structural similarity between both
enzymes suggests that binding of UDPGlcNAc by EPT
also takes place in the cleft.
The two-domain architecture of EPT suggests large confor-
mational changes mediated through the hinge region [20].
This is consistent with small angle X-ray scattering experi-
ments where a significant decrease in the radius of gyration
of EPT was observed upon binding of UDPGlcNAc [21].
The experimental radius of gyration of substrate-free EPT
(Rg =24.2Å) was in good agreement with the theoretical
value derived from the EPT coordinates (Rgt =23.5Å) using
the program CRYSOL [22].
We propose that the structure of EPT shown here repre-
sents the open conformation which is probably stabilized
through two residues in the cleft (Arg397 and Lys48) lying
nearly parallel to each other (Fig. 7). The repulsive force
between the positive charges of the ε-amino group and the
guanidinium group might assure the open state of the sub-
strate-free enzyme. As the sugar nucleotide (UDPGlcNAc)
is negatively charged, because of its diphospho moiety, it
could be attracted by these positive charges. Moreover,
because the binding of substrates follows an ordered
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Figure 7
LYS48 LYS48
ARG397 ARG397
Lys48
Arg397
I
II
Cys115
(b)(a)
Stabilization of the open conformation of EPT. (a) Ribbon plot of EPT
illustrating the likely role of residues Lys48 and Arg397 with respect to
catalysis and maintenance of the open conformation. The molecule is
rotated 115° around the vertical axis (z axis), with respect to the orientation
in Figure 1. The binding of UDPGlcNAc to these residues could neutralize
the repulsive force between their positively charged ε-amino and
guanidinium groups, thereby allowing the movement of domain II, or parts
of domain II, with the active Cys115 moving towards the cleft. (The figure
was drawn with MOLSCRIPT [35].) (b) A 2Fo–Fc stereo map contoured at
1s displaying the parallel arrangement of Lys48 and Arg397 in the cleft.
The distance between the ε-amino and the guanidinium groups is
approximately 3.6Å. The orientation is the same as in (a).
mechanism with UDPGlcNAc binding first [23], we
assume that binding of UDPGlcNAc neutralizes the repul-
sion between the two domains thereby allowing the move-
ment of the active Cys115 towards the cleft. This motion
could be accomplished by a movement of the whole of
domain II or by the movement of specific folding units. As
shown above (Fig. 4), the movement of parts of domain II
rather than parts of domain I is plausible because the
folding units in domain I are stabilized through the addi-
tional side chain–main chain hydrogen bonds (Table 1). It
is reasonable to assume that the binding of UDPGlcNAc to
EPT results in local changes of structural elements in the
proximity of the cross-over strands, triggering in turn large
conformational changes of the globular domains.
A comparable arrangement of side chains, as formed by
Lys48 and Arg397 in EPT, is not evident in the EPSPS
structure [15]. Instead, it was suggested that in EPSPS a
helical macrodipole effect results in an accumulation 
of positive charges between the domains, which could 
be responsible for both the binding of substrate(s) and
maintenance of the open conformation. In principle, this
explanation is also valid for EPT, as the spatial orienta-
tion of the helices in both its domains is very similar to
that in EPSPS.
Clearly, kinetic and structural studies on enzyme forms
with site-directed mutations are required to confirm the
suggested role of the respective residues in catalysis and
maintenance of the structure. For evidence of the pro-
posed large conformational changes upon catalysis, which
are most probably mediated through the hinge region, 
we must await the structure determination of the EPT–
UDPGlcNAc–fosfomycin complex.
Biological implications
UDP-N-acetylglucosamine enolpyruvyltransferase (EPT)
is a key enzyme in the biosynthesis of peptidoglycan, the
major structural component of the bacterial cell wall. The
enzyme catalyzes the enolpyruvyl transfer from phospho-
enolpyruvate (PEP) to a second substrate;  the only other
enzyme known in nature to catalyze this reaction is 
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS).
Despite their catalytic similarities, the two enzymes differ
substantially with respect to the structures of their second
substrates, that is, UDP-N-acetylglucosamine (UDPGlc-
NAc) and shikimate-3-phosphate (S3P). Moreover, EPT
and EPSPS are selectively inhibited by the antibiotic fos-
fomycin and by the herbicide glyphosate, respectively.
The crystal structure of substrate-free EPT reveals a sur-
prisingly high structural similarity to the previously deter-
mined EPSPS structure. EPT is a two-domain protein
which is built up by a sixfold repetition of one folding unit.
Despite the structural similarity of these folding units, the
only repetitive element of the amino acid sequence is a
small motif, Leu-X3-Gly(Ala), which is responsible for
the attachment of the folding units to each other through
hydrogen-bond interactions.
The only residue known to be involved in catalysis is
Cys115, which is responsible for both the binding of PEP
and fosfomycin. The region around Cys115 is a large
flexible loop which presumably undergoes substantial
structural changes upon catalysis. The binding of sub-
strates follows an ordered mechanism with UDPGlc-
NAc binding first. We assume that binding of this sugar
nucleotide by EPT takes place in the cleft between the
two domains. This could result in large conformational
changes, mediated by a hinge region, allowing the move-
ment of the active Cys115 towards the cleft.
Further studies on EPT based on the structural informa-
tion presented here will eventually lead to the develop-
ment of a new generation of antibacterial agents. Their
rational design may help to overcome the increasing
problem of antibiotic resistance.
Materials and methods
Crystallization
EPT was crystallized as previously described [16]. Briefly, diffraction
quality crystals were grown from 0.8 M sodium/potassium phosphate
buffer (pH 6.4) containing 40 mM cyclohexylammonium phosphate. The
crystals belong to space group C2 with a = 86.9 Å, b = 155.9 Å,
c = 83.8 Å, b = 91.6°, and contain two molecules per asymmetric unit.
The solvent content is 63 %.
X-ray data collection
All X-ray data were collected at the EMBL BW7b and X31 beamlines
(DESY, Hamburg) equipped with MarResearch image plate scanners.
Crystals were frozen in an evaporating stream of dry nitrogen (Oxford
Cryosystems). The cryoprotectant consisted of 1.5M sodium/potas-
sium phosphate buffer (pH 6.4) containing 40 mM cyclohexylammonium
phosphate and 35 % glycerol. Native and heavy-atom derivative data
were collected from single crystals and were processed using the
DENZO-SCALEPACK package [24] (Table 2).
Phasing
The crystal structure of EPT was determined by MIRAS phasing tech-
niques using two heavy-atom derivatives. We did not perform molecular
replacement (MR) using EPSPS as a model because only the Ca coor-
dinates of EPSPS are available to the public. Native crystals were
soaked in 5 mM K2Pt(CN)4 for 48 h or in 5 mM KAu(CN)2 for 24 h. Data
were collected at EMBL X31 beamline at a wavelength of 1.0Å to opti-
mize anomalous scattering. Both derivatives yielded clear anomalous
signals (Table 2). The Patterson functions were solved for both deriva-
tives using the program package PHASES [25], giving the positions of
five gold and six platinum sites. Three of the gold sites were identical to
the platinum sites. Heavy-atom positions and occupancies were refined
with PHASES. All reflections between 25 and 2.0 Å resolution were
included in the phasing. The overall figure of merit was then 0.76. The
2.0 Å MIRAS phases were improved through solvent flattening and the
resulting electron-density map was skeletonized using GMAP as imple-
mented in PHASES. It was judged that non-crystallographic symmetry
(NCS) averaging was not necessary to proceed with model building
due to the excellent quality of the map. The map was readily inter-
pretable and a Ca trace was built into the density using the program O
[26]. There was unambiguous density for most of the side chains and
all of the 419 residues of one of the two monomers were placed using
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the best fitting rotamers generated by O. The second monomer was
located using the program AMoRe [27,28] and the corresponding
model was then produced by applying the rotation-translation matrix on
the chain of the first monomer.
Structure refinement
The initial model was submitted to rigid-body refinement with X-PLOR
[29] to optimize the exact orientation and position of each molecule in
the asymmetric unit. Then, two cycles of simulated annealing (3000 K
slowly cooled to 300 K) [30] were performed with X-PLOR followed by
individual isotropic temperature factor refinement. The initial R factor of
52 % dropped to 31 % for data between 10 Å and 2 Å. The free R test
[31] was applied throughout the refinement leaving 10 % of the data as
a test set. The free R value at that stage converged to 37 %. At this
stage water molecules were included using the program ARP [32].
Only water molecules with clear density in the 3Fo–2Fc map (peaks
above 1s) and the Fo–Fc map (peaks above 3s) and making plausible
hydrogen-bond interaction were kept. A total of 476 water molecules
were located and their positions refined with individual isotropic tem-
perature factors. Further refinement was performed using the least-
squares method as implemented in PROLSQ [33]. Both molecules
were treated independently and after each cycle a 3Fo–2Fc and Fo–Fc
map was visually inspected using the program O and the model was
corrected for errors. The current crystallographic R factor is 19.7 %
(converging Rfree = 27 %). Further refinement is in progress.
Quality of the model
On the basis of the stereochemical analysis with PROCHECK [34],
92.9 % of all residues of both monomers have dihedral angles within
the most favored regions of the Ramachandran plot and 6.4 % within
additionally allowed regions (Fig. 8). Ala119 of monomer B, Asn67 of
monomer A, and Ser349 of both monomers reside in generously
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Table 2
Statistics of data collection and phasing.
Data set Platinum Gold Native
Resolution range (Å) 30–2 25–2 25–1.8
Total observations 657 859 702 087 744 941
Unique reflections 74 497 74 025 103 189
Completeness (%) 98.0 (95.8)† 97.9 (95.3)† 99.8 (98.7)†
Rsym* (%) 3.7 (13.6)† 4.5 (27.4)† 5.3 (29.0)†
I/s(I) > 2 (%) 89.4 (74.8)† 85.0 (56.7)† 84.5 (60.9)†
Anomalous pairs 68 514 66 415
Completeness of
anomalous pairs (%) 97.0 (92.1)† 96.9 (90.5)†
Rsym* (anomalous) (%) 3.0 (11.6)† 3.6 (23.8)†
I/s(I) > 2 (anomalous) (%) 86.4 (67.2)† 81.2 (48.4)†
Number of sites 6 5‡
Phasing power§
anomalous pairs 1.99 (1.93)† 1.41 (1.22)†
isomorphous pairs 1.78 (1.12)† 1.66 (1.05)†
Rcullis†† 0.65 (949) 0.69 (791)
Rkraut# (anomalous pairs) 0.066 (55 601) 0.115 (42 835)
Rkraut# (isomorphous pairs) 0.068 (109 008) 0.121 (83 730)
Figure of merit** 0.605/0.761¶
Number of phased reflections 57 441
*Rsym = Si,hkl|I(i,hkl) – 〈I(hkl)〉|/Si,hkl〈I(hkl)〉. †The numbers given in
parentheses denote the respective values of the highest resolution
shell. ‡Three of the five Au sites are equivalent to Pt.
§Phasing power, [Sn|FH|2/Sn |E|2]½ with
Sn|E|2 = Sn{|FPH|(obs) – |FPH|(obs)}2.
††Rcullis = Shkl||FPH± FP|– FH(calc)|/Shkl|FPH±FP|; the values in
parentheses are the number of centric reflections.
#Rkraut = Shkl||FPH| – |FP + FH(calc)||/Shkl|FPH|; the values in parentheses
are the number of acentric reflections. **Figure of merit,
m = |F(hkl)best|/|F(hkl)|, with F(hkl)best = SaP(a)Fhkl(a)/SaP(a); ¶the
figure of merit after solvent-flattening and phase extension.
Figure 8
Ramachandran plot for the EPT dimer. The plot was produced for
2 × 419 residues using PROCHECK [34]. The disallowed regions are
shaded with the lightest gray. Glycine residues are indicated as
triangles, and all other residues as squares.
allowed regions whereas Asn67 of monomer B falls within the disal-
lowed region. Ala119 is part of a large flexible loop and Ser349 and
Asn67 are members of b turns in folding units Ic and IIb, respectively.
In contrast to the well defined region around Ser349, the polypeptide
chain between Asn67 and Gly68 is interrupted in both monomers
probably accounting for the improper main-chain angles. The rms devi-
ations from ideality on bond lengths and bond angles are 0.016 Å and
2.0°, respectively. The average B factors are 20.1 Å2 for main-chain
atoms (in total 3352), 25.5 Å2 for side-chain atoms (in total 2932),
29.9 Å2 for water molecules (in total 476) and 34.2 Å2 for the cyclo-
hexylammonium atoms (in total 14).
Accession numbers
The atomic coordinates of the E. cloacae EPT have been deposited in
the Brookhaven Protein Data Bank with accession code 1naw.
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